The objective of this research was to study the efficiency of Multi-Walled Carbon Nanotubes Kinetic studies were performed and the adsorption kinetics successfully followed the pseudo-second-order kinetic model. Thermodynamic parameters such as free energy change (ΔG W ), enthalpy change (ΔH W ) and entropy change (ΔS W ) were determined and evaluation of them showed that the adsorption process for NOM is general spontaneous, endothermic and thermodynamically favorable.
INTRODUCTION
Natural organic matter (NOM) is a mixture of chemically complex polyelectrolytes with varying molecular weights, produced mainly from the decomposition of plant and animal residues that are present in all surface and groundwater resources, with concentrations ranging from 0.5 up to 10 mg/L organic carbon. Although it has been demonstrated that NOM is regarded as non-toxic, several problems may arise during purification and distribution of naturally colored groundwaters. NOM can have negative effects on the odor, taste and color of drinking water and can also enhance bacterial regrowth and biofilm formation in drinking water distribution systems. These compounds can also react with disinfectants, as precursors to produce disinfection by-products (DBPs), such as trihalomethanes Because of the complex structure and low concentration of NOM, fully characterizing NOM is very difficult. Thus, to assess the water quality and efficiency of treatment processes, the use of lumped parameters is required. Hence surrogate parameters, total organic carbon (TOC), dissolved organic carbon (DOC) and ultraviolet absorbance at 254 nm can be used to quantify the concentration of NOM (Crittenden et al. ) . In this study, MWCNTs and MWCNTs-COOH were used and evaluated as possible sorbents for the removal of hydrophobic NOM from aqueous solution. The objective of this study was to investigate the effect of solute concentration, contact time, pH, and adsorbent dosage on the adsorption process.
MATERIALS AND METHODS

Preparation and purification of MWCNTs
MWCNTs were prepared by the special chemical vapor deposition (CVD) technique at the Research Institute of Petroleum Industry (RIPI), Tehran, Iran. For synthesis of MWCNTs, the catalytic reactions were accomplished in the presence of Co-Mo/MgO as the catalyst. The CVD method was carried out in a horizontal furnace consisting of a quartz tube. The catalyst was set in a quartz boat that was placed into a quartz tube followed by being purged in the hydrogen stream in order to reduce the catalyst. The reaction was carried out using methane as the carbon source and hydrogen as the carrier gas at 900-1,000 W C.
The furnace was then cooled to room temperature under a nitrogen atmosphere (Rashidi et 
Synthesis of MWCNTs-COOH
In order to functionalize the MWCNTs, a mixture of sulfuric and nitric acids (3:1 volumetric ratio per gram of MWCNTs) was used and then it was placed in an ultrasonic bath (Elma Ltd; Germany) with 35 kHz frequency and was sonicated for 3 h. Then the reaction mixture was diluted with deionized water until the pH became the same as that of deionized water, the mixture was then filtered with 0.45 μm glass-fiber filter and dried at 40 W C overnight. The final products were MWCNT fragments whose ends and sidewalls were decorated with various oxygen-containing groups (mainly carboxylic groups) (Figure 1 ).
Characterizations of the as-prepared MWCNTs
In order to verify the desired structure of the synthesized For estimation of the functional groups on the surfaces of the MWCNTs-COOH, the Bohem titration method was used (Bohem ).
Point of zero charge (pH zpc )
The pH of the zero point of charge (pH zpc ) is the pH value at which a solid submerged in an electrolyte exhibits zero net electrical charge on the surface. pH zpc is of fundamental importance in surface science, particularly in the field of environmental science. When the pH of the solution is higher than pH pzc (point of zero charge), the negative charge on the surface provides electrostatic interactions that are favorable for adsorbing cationic species. The amount of the NOM adsorbed onto MWCNTs and MWCNTs-COOH was calculated from:
where q is the amount of NOM adsorbed by MWCNTs (mg/g); 
Adsorption kinetics
For kinetic adsorption study, two common kinetic models (pseudo-first-order and pseudo-second-order model) were used to fit the experimental data and the correlation coefficient (R 2 ) was considered as a measurement of the agreement between the experimental data and the two proposed models.
Pseudo-first-order rate equation
Lagergren () presented a first-order rate equation to describe the kinetic process of liquid-solid phase adsorption, which is believed to be the earliest model pertaining to the adsorption rate based on the adsorption capacity. The first-order kinetic model or Lagergren's equation (Lagergren ) is given as:
where q e and q t are the amounts of NOM adsorbed on adsorbent (mg g À1 ) at equilibrium and at time t, respectively, and k 1 is the rate constant of first-order adsorption (min À1 ).
The straight-line plots of log(q e À q t ) against t were used to determine the rate constant, k 1 and correlation coefficient, R 2 values of the NOM under different concentration range were calculated from these plots.
Pseudo-second-order rate equation
The pseudo-second order equation (Ho & McKay ) is expressed as:
where k 2 (g/(mg min)) is the rate constant of pseudo-second order adsorption. The straight-line plots of t/q t against t were tested to obtain rate parameters and the results suggest the applicability of this kinetic model to fit the experimental data. The q e and k 2 can be determined from the slope and intercept of the plot.
Intraparticle diffusion model
One type of intraparticle diffusion model is expressed as (Weber & Morris ):
The linearized form of this equation is given as:
where, q t is the fraction of the amount adsorbed, t is the contact time (min) 'a' is the gradient of linear plots; K id is the intraparticle diffusion rate constant (min À1 ). The plot of Log t against Log q t was used to determine K id and a. The values of 'a' and K id were calculated from the slopes and intercepts of the plot respectively.
Adsorption equilibrium isotherms
Adsorption isotherms describe the relationship between the amount of adsorbed ion on adsorbent and the final ion concentration in the solution. The Langmuir, Freundlich and Brunauer, Emmet and Teller (BET) models are often used to describe equilibrium adsorption isotherms. These models expressed by the following respective equations:
where Q e (mg/g) is the equilibrium NOM concentration in the solid phase; Q max (mg/g) is the maximum amount of sorption; K L (L/mg) is the Langmuir sorption equilibrium
representing the sorption capacity, n is the constant depicting the sorption intensity; C s (mg/L) is the concentration at which all layers are filled; K b is the BET constant expressive of the energy of interaction with surface.
The linearized forms of these equations can be expressed as follows respectively:
Log In this work, the adsorption thermodynamic parameters are obtained from experiments at various temperatures (300, 310 and 320 W K). All the thermodynamic parameters were determined from the following equations:
where K c is the equilibrium constant, C Ad is the concentrations of NOM adsorbed on solid at equilibrium (mg/L), 
RESULTS AND DISCUSSION
Characterizations of MWCNTs Bohem's titration method showed that the amount of carboxylic groups on MWCNTs-COOH was equal to 3.5 mmol/g. In Table 1 , the properties of MWCNTs including surface area measured by BET and BJH (BarrettJoyner-Halenda) methods, average pore size diameter and pore volumes are presented in Table 1 .
After the functionalization process occurred, the physical properties of MWCNTs such as specific surface area and pore size distribution were changed.
As can be seen in 
Determination of pH zpc and effect of pH
As shown in Figure 5 , the MWCNT sample exhibited a pH zpc of around 6.1 while the MWCNTs-COOH sample had its pH zpc at a pH of about 3.7. These results indicate that MWCNTs-COOH samples are negatively charged when exposed to pH > 3.7, while the MWCNT sample only becomes negative for pH ! 6.1. They found that the point of zero charge 'pH pzc ' of raw CNTs was 6.6 while for the MWCNTs with carboxylic functional group the pH pzc shifts to 3.1. As pH increases, the NOM molecules will become less coiled and less compact due to greater charge repulsion, and the adsorption capacity might consequently decrease.
In addition, as pH increases, weakly acidic NOM with carboxylic and phenolic moieties becomes more negatively charged (Ritchie & Perdue ) . Thus, at higher pH, repulsion between NOM and MWCNT surface coated with NOM would increase, hindering further adsorption of NOM.
Effect of contact time and initial concentration
The adsorption data at different initial NOM concentrations on MWCNT and MWCNTs-COOH are shown in 
Adsorption kinetics
In this work, the applicability of the pseudo-first-order and pseudo-second-order models was checked by studying the kinetics under different initial adsorbate concentrations according to the kinetic data of Figure 8 and plotted versus time. The applicability of both kinetic models is checked and depicted by each linear plot of t/q t against t and log(q e À q t ) against t, respectively.
The adsorption kinetic coefficients derived from the application of the pseudo-first-order equation (K 1 ), of the pseudo-second-order equation (K 2 and q e ) are presented in Table 2 . For each case, the corresponding regression coefficients, R 2 , are given.
The pseudo-second-order kinetic models for adsorption of NOM on MWCNTs and MWCNTs-COOH are shown in Figure 8 .
Based on the correlation coefficients, the adsorption of 
Intraparticle diffusion model
The plot of log q t versus log t is shown in Figure 9 for MWCNT and MWCNTs-COOH. The intraparticle diffusion rate constants and R 2 values are shown in Table 3 .
The values of 'a' illustrate the adsorption mechanism, and K id may be taken as an adsorption rate factor (Dermirbas et al. ). As can be observed in Table 3 the values of
Higher values of K id indicate the higher rate of adsorption, whereas larger 'a' values illustrate a better adsorption process. This means that the adsorption mechanism is particle diffusion. This is also in accordance with previous reports (Horsfall et al. ; Abia et al. ) .
Adsorption equilibrium isotherms
Results from the Freundlich, Langmuir and BET isotherm experiments performed under varying initial concentrations of NOM are shown in Figure 10 . The determined isotherm parameters obtained for both MWCNTs and MWCNTs-COOH are shown in Table 3 . According to Figure 10 and capacity of the adsorbent increases and 1/n decreases as the adsorption strength increases. From Table 4 , the lower amount of K f and q m for functionalized MWCNTs may be due to the functional groups present on MWCNTs-COOH.
Adsorption thermodynamics
The linear plot of ln K c versus 1/T is shown in Figure 11 .
Thermodynamic parameters calculated from the above equations as well as the slope and intercept of the plot of ln K c versus 1/T are also listed in 
CONCLUSION
In this research, the adsorption behavior of NOM on and 320 K, respectively. Generally, the NOM adsorption reactions were considered as a spontaneous process because of the negative adsorption standard free energy together with positive standard entropy change.
MWCNTs was investigated. Comparison between the
